Accurate sensory processing during movement requires the animal to distinguish between 2 2 3 1 that inhibitory efferent neurons are necessary for modulating lateral line sensitivity during 3 2 locomotion. We monitored calcium activity with Tg(elav13:GCaMP6s) fish and found 3 3 synchronous activity between putative cholinergic efferent neurons and motor neurons. We 3 4 examined correlates of motor activity to determine which may best predict the attenuation of 3 5 afferent activity and therefore what components of the motor signal are translated through the 3 6 corollary discharge. Swim duration was most strongly correlated to the change in afferent spike 3 7 frequency. Attenuated spike frequency persisted past the end of the fictive swim bout, suggesting 3 8 that corollary discharge also affects the glide phase of burst and glide locomotion. The duration 3 9
Blood flow was monitored continuously throughout each experiment as a metric for animal backfilling them with tetramethylrhodamine (TRITC, 3 kDa; Molecular Probes, Eugene, OR) in 1 1 5
Islet:GFP larvae, as previously (Smith et al. 2014) . To image the activity of hindbrain 1 1 6 cholinergic efferent neurons, we electroporated TRITC bilaterally into the efferent axons running International Resource Center, Eugene, OR) embedded in agar. Motor neurons were labelled by 1 1 9 electroporating TRITC into the axial musculature. Fish were then gently freed from the agar and 1 2 0 allowed to recover for 24 hours. Fish were then remounted in agar dorsal surface down and 1 2 1 imaged on a Leica SP5 confocal microscope (Leica Microsystems, Wetzlar, Germany). Scanning 1 2 2 was performed at 0.39-0.78 Hz, depending on the line speed and scan area. Calcium activity was National Institutes of Health, Bethesda, MD). We monitored calcium changes in motor neuron 1 2 5 activity to indicate swimming. In cases where individual motor neurons did not show calcium 1 2 6 changes, we analyze average calcium signal in the spinal cord as a proxy for overall motor 1 2 7 activity. Background fluorescence was subtracted by a rolling-ball method implemented in 1 2 8
ImageJ, and fluorescence converted to F/F o . Baseline fluorescence was manually subtracted 1 2 9 using Clampfit software (Molecular Devices, Sunnyvale, CA). Electrophysiology: Prior to recordings, larvae were paralyzed by immersion in 10µL of slope of the line of best fit forced through zero will not be significantly different from unity. Conversely, a departure from this slope indicates that swimming has a significant impact on 1 8 8 spike rates: a higher slope corresponds to increased spike rates, and lower slope corresponds to 1 8 9 suppressed spike rates.
Behavioral Test: ABTü wild-type fish (4-7 dpf, n = 50) were housed in a 400 mL beaker by an LED array (Ikan Corp., Houston, TX) through a diffuser. To prevent microcurrents arising 1 9 5 from thermal gradients caused by the LED lighting (which we found to prevent accurate 1 9 6 measurements of the glide phase), we introduced a fan to circulate air and offset the heat. Video capture was triggered to record the swim and the glide of individual larvae from initiation of the 1 9 8 tail-beat until lateral movement ceased. Videos (n = 112) were then processed using custom 1 9 9
written Matlab programs to track the body kinematics of larvae, frame-by-frame, and quantify 2 0 0 tail-beat frequency and swim duration. The glide period was defined as the time from the end of 2 0 1 the tail-beat to the end of passive lateral movement. Analysis: All statistics were performed using custom written models in the R language (R out of 10 efferents, and these neurons were subsequently analyzed. We analyzed the correlation 2 0 8 between the time courses of efferent neurons and motor neuron calcium activity using cross-2 0 9
correlations of the respective time series. Pre-swim, swim, and post-swim spike rate were 2 1 0 calculated by taking the number of spikes within the respective period over its duration. Swim root of the number of swims. We log transformed variables in which the mean and the variance 2 1 8
were correlated. To quantify the inhibition of the afferent spike frequency during swimming we 2 1 9
tested for a significant difference in afferent spike frequency during swimming as compared to 2 2 0 non-swimming periods using a paired sample student's t-test.
1
Differences in afferent spike rates across the various periods of interest (pre-swim, swim, 2 2 2 and post-swim) were tested by two-way analysis of variance (ANOVA) followed by Tukey's 2 2 3 post-hoc test to detect significant differences in spike rates between swim periods or treatments.
4
Linear models were used to detect relationships between spike rate during swimming and other 2 2 5 independent variables (e.g. spike rate pre-swim and motor parameters). To quantitatively define 2 2 6 the refractory period, we restricted the data to individuals that had a minimum of 20 swims and 2 2 7 sampled spike times within 500 ms following the termination of the swim. We used a modified 2 2 8 logistic function to model asymmetrical data from parameters of post-swim spike rates to predict 2 2 9
the duration of the refractory period, according to the equation,
where the response was bootstrap simulated for 100 iterations. We used behavioral data to quantify the relationships between tail-beat frequency and 2 3 7 swim duration to glide duration, as described above. We then calculated the expected refractory We first quantified the strength of the association between efferent neuron activity and 2 4 7 motor activity. Our optogenetic approach confirmed that efferent neurons on both left and right ( Figure 1 ). We only observed strong calcium activity in efferent neurons during swimming. Therefore, we performed ventral motor root recordings to signal the timing of efferent activity 2 5 3 and to dissect the components of the motor signal that are transmitted to the lateral line during 2 5 4 the corollary discharge. Spontaneous afferent activity was reduced during swimming, but is not fully inhibited in results in a significant decrease in afferent spike rate from when the larvae were inactive (5.90 ± 2 5 8 0.1 Hz) compared to when they were swimming (3.81 ± 0.2 Hz; p < 0.001, t = 9.88, df = 3,236; absence of afferent activity (relative spike rate = 0, n = 620/1,263, 50.7%), but there were also due to the integer number of spikes during swimming, often due to multiples of one. In order to more closely probe the dynamics of afferent activity, we examined how spike 2 6 7 rate varies before, during, and after the swim. For this analysis we only examined those swims 2 6 8
with spikes that occurred within the pre-swim interval. Swimming spike rates were lower than 2 6 9 the immediate pre-swim period (8.94 ± 0.2 Hz, relative decrease 57%) and the post-swim period 2 7 0 (5.34 ± 0.2 Hz, relative decrease 40%). Post-swim spike rate was, itself lower than the pre-swim 2 7 1 spike rate (Tukey post-hoc tests across groups, p < 0.001). Spike rates preceding a complete We expected that ablating the efferent neurons would diminish or abolish the swim-2 7 6 associated inhibition of spike rate. Following efferent ablation, we observed some decrease in 2 7 7 afferent spike rates but to a lesser extent than in non-ablated fish which was not statistically suppression. If swimming has no impact on spike rates, then the line of best fit will be unity 2 8 2 because on average, swim intervals are equally likely to be higher or lower than non-swim 2 8 3
intervals. Average spike rates during and prior to a swim were positively correlated in control Conversely, in ablated fish, spike rates during swimming are not distinguishable from unity 2 8 7 (slope 1.12, CI = 0.78-1.46), indicating that spike rates during swimming intervals differs from 2 8 8 non-swimming interval no differently than chance. We sought to determine what aspects of the age dependent motor pattern may contribute 2 9 0 to the corollary discharge transmitted to the lateral line. Across ages, average swim frequency, 2 9 1 duty cycle, and swim duration were 27.01 ± 6.0 Hz, 0.101 ± 0.002, and 280 ± 6.0 ms 2 9 2 respectively. Swim frequency and duty cycle both increased with age, while swim duration during swimming did not change with age (r 2 = 0.047, F 2,27 = 1.331, p = 0.259). Swim frequency 2 9 6 and duty cycle were not correlated to changes in spike rate (r 2 = 0.099, F 2,26 = 1.431, p = 2 9 7 0.231and r 2 = 0.047, F 2,26 = 0.645, p = 0.932, respectively; Figure 6 A, B ), but the spike rate was 2 9 8
predictably lower for longer swim durations (r 2 = 0.186, F 2,26 = 2.971, p = 0.045; Figure 6 C).
9 9
Mixed effect models revealed no interaction between frequency, duty cycle, and duration with
We characterized the reduction of afferent spike rate following a swim to define the post-swim spike (0.149 ± 0.004 sec) was significantly later than the midpoint of the best-fit Because the first post-swim spike time appears to coincide with the population-averaged 3 1 8 refractory period, we use it to explore post-swim dynamics in control larvae. Refractory period 3 1 9
duration was negatively correlated to the swimming frequency (r 2 = 0.296, F 2,26 = 5.467, p = 3 2 0 0.010; Figure 7 Ci), was not correlated with duty cycle (r 2 = 0.088, F 2,26 = 1.255, p = 0.998), and 3 2 1 was positively correlated with swim duration (r 2 = 0.315, F 2,26 = 5.97, p = 0.007; Figure 7 Cii).
2 2
Refractory period duration also increased as the level of inhibition increased (r 2 = 0.391, F 2,26 = 3 2 3 8.335, p = 0.001).
2 4
We quantified the swimming kinematics and glide duration of freely moving larvae to 3 2 5 determine examine potential relationships between motor and sensory properties of the swim. Although refractory period duration was dependent on swimming frequency and duration, glide increased with longer swim durations (r 2 = 0.05, F 1,109 = 6.09, p = 0.015). On average, the 3 3 2 modeled refractory period accounts for the first 30.4% of the glide phase. movements. These movements can create sensory overload during locomotion and potentially 3 3 8 masks stimuli important for survival, such as those generated by predators or prey. One solution 3 3 9
would be for the animal to adjust its receptor sensitivity in anticipation of moving the body motor activity together. Otherwise, spontaneous afferent activity will be underestimated due to Additionally, we show that spike rate modulation is not limited to the swim period, but exhibits a specifically target the efferent system or capture the intrinsic efferent activity. We note that while . We targeted and ablated these efferents and found that the expected because our method could not discriminate whether all efferents in the population were 3 7 5
ablated. We found that efferents are necessary to inhibit afferent activity because when ablated 3 7 6
there was no inhibition of afferent activity. However, efferents are not sufficient in compensating 3 7 7
for the physiological heterogeneity of afferent neurons that contributes to variation in the level of inhibition. This is because even when efferents were intact, afferent activity was not always 3 7 9
completely absent during swimming.
In order to survive, many animals must move across a wide range of speeds. In many aquatic to the input of efferent neurons conveying this frequency information from active motor units 3 8 3 (Russell 1971; Russell and Roberts 1972; Roberts and Russell 1972; Flock and Russell 1973; 3 8 4 Hänzi et al. 2015; Chagnaud et al. 2015) . In zebrafish, these speeds are achieved by increases in frequency is reflected in motor burst frequency (McLean et al. 2008) . We examined variables of 3 8 9
the motor command to better understand which ones might be copied by the efferent neurons. If 3 9 0 motor burst frequency is the same as tail-beat frequency, which is the parameter commonly used 2008; Gabriel, et al. 2011; Severi et al. 2014 ), then we would expect to see that a relationship 3 9 3 between motor burst frequency and afferent spike rate. However, we found no changes in 3 9 4 afferent spike rate across swimming frequencies.
3 9 5
As larval zebrafish mature, swimming and other motor behaviors can change (Muller and van 3 9 6
Leuwen 2004; McLean et al. 2008) . In our hands, we found that average swim frequency 3 9 7
increases with age, while swim duration decreases with age. We expected these age-related 3 9 8 motor differences to be reflected in efferent modulation, but found no significant correlations. Despite the changes in motor commands with age the inhibitory effect remains constant. This 4 0 0
suggests that the efferent system acts as a corollary discharge with limited temporal information 4 0 1 from higher order motor units rather than an efference copy that encodes the timing from local We found that the reduction of afferent spike rate persisted beyond the offset of swimming for flow stimuli sampling. Therefore, the long-standing idea that intermittent or burst-and-glide Neurophysiological mechanisms must be taken into consideration when attempting to interpret 4 4 7
how movement strategies may influence the sensory capabilities of animals.
8
We still know relatively little about efferent modulation in freely-swimming fishes, 4 4 9
where hydrodynamic stimuli from swimming can further impact afferent activity, but we now 4 5 0 have a greater appreciation for the complex relationship between sensory and motor systems. In 4 5 1 freely moving fish, afferent spike frequencies increase both during swimming and during feeding it is necessary to examine the magnitude of reafference in the absence of efferent activity, as we 4 5 6 have done here. We have found that characterizing even basic properties of the afferent signal 
